Summary
for the synthesis of polyamines. Studies on the ornithine carboxAdenylate cyclase activity was measured in membrane preparations of cultured fibroblasts from controls and patients with cystic fibrosis. Enzyme activity increased as the transition from exponential growth to confluence occurred; sodium fluoride-stimulated activity more markedly displayed this relationship than basal cyclase activity. The in vitro addition of spermine (1 x lo-' to 2 X lo-= M) to membrane preparations caused inhibition of basal and sodium fluoride-stimulated enzyme activity, with 50% inhibition of basal activity occurring at M spermine. Spermidine M) caused 1 5 2 5 % inhibition of adenylate cyclase activity. The increase in fibroblast adenylate cyclase activity during the transition from exponential growth was comparable in cells obtained from cystic fibrosis patients and control subjects. Basal and sodium-fluoride stimulated adenylate cyclase activity as well a s inhibition of this enzyme activity by spermidine and spermine were undistinguishable between the different cell genotypes. A potential modulation of cellular proliferative activity through polyamine interaction with the adenylate cyclase system is postulated.
Speculation
Buchwald and associates (5) observed increased levels of cyclic A M P in cultured fibroblasts obtained from cystic fibrosis patients. Similarly, Mangos and collaborators (15) have suggested that altered regulation of cyclic nucleotide metabolism may be an etiologic fartor in the pathophysiology of the exocrine dysfunction of cystic fibrosis. Effector molecules whose actions are mediated through changes in cyclic nucleotide metabolism induce changes in both the polyamine biosynthetic machinery and in the intracellular concentrations of these amines. These changes in polyamine metabolism occur concomitantly or precede those of cyclic nucleotide metabolism. This investigation postulates that the naturally occurring polyamines putrescine, spermidine and spermine act as second messengers and may exert their effects by modulating adenylate cyclase. Since an abnormality of polyamine metabolism occurs in cystic fibrosis, these relationships of polyamine modulation of adenylate cyclase activity were investigated in cystic fibrosis fibroblasts.
Factors which modulate adenylate cyclase are varied and complex. Recent reports indicate polycations (26) , hydrogen ion (8), sodium fluoride (12) , and hormones (8) have specific effects on this enzyme. Otten et al. (17) . suggested that cyclic AMP levels in slow growing cells are higher than in rapidly growing cells and the addition of dibutyryl cyclic AMP is paralleled by a n increase in adenylate cyclase activity (1).
Recent investigations in our laboratory (4) verified the relationship of the polyamine biosynthetic pathway to proliferation of human fibroblasts and indicated concomitant changes in ornithine decarboxylase and S-adenosyl methionine decarboxylase as the monolayer approached confluence. Ornithine decarboxylase and S-adenosyl methionine decarboxylase are key enzymes necessary ylase and S-adenosg methionine decarboxylase indicated that no difference existed between cystic fibrosis and control fibroblasts with regard to activity in relationship to growth cycle nor in feedback inhibition or activation (4). This investigation examines the effect of the naturally-occurring polyamines spermine and spermidine on the membrane-bound adenylate cyclase system in human fibroblasts since these cationic polyamines have been shown to be increased in cystic fibrosis (7, 20) .
The observation of increased levels of cyclic AMP in cultured fibroblasts and in parotid preparations from cystic fibrosis patients (5, 15) and increased levels of blood polyamines in these individuals supported the validity of a n evaluation of the interaction of polyamines and adenylate cyclase activity in this disease. Additionally, reports of altered ATPase activity in cystic fibrosis added further indirect reasons to explore the modulation of membranebound enzyme activity since the activity of both the cholinesterase and ATPase systems is modulated by polyamines (13).
MATERIALS AND METHODS
Cultured skin fibroblasts from three normal adults (aged 20-35 years), 6 normal children (aged I week-13 years) and six children with cystic fibrosis (2-12 years) were cultured in 75 cm2 Falcon flasks at 37' in a 5% C 0 2 atmosphere. This protocol was approved by the institutional human experimentation committee and informed consent was obtained for the skin biopsy. The cells were cultured in 15 ml Eagle's minimum essential medium with 20% fetal calf serum, penicillin 100 pg/ml, streptomycin 100 pg/ml, fungizone 25 pg/ml (1% antibiotic-antimycotic mixture), 10 mM Hepes buffer, and 1% nonessential amino acids with 2 mM Lglutamine. All culture materials were purchased from Gibco. Confluent flasks were trypsinized and split 1:2 or 1:3 24 hr before assay. At the time of assay, 2 ml of 0.1 M sodium phosphate buffer, pH 7.2, was added to each flask, and the cells were removed by scraping with a rubber policeman. Cells from 20 flasks were harvested and centrifuged at 900 X g for 10 minutes at 4' . The resulting pellet was resuspended in 5.5 ml 0.1 M sodium phosphate buffer, pH 7.2, with 5 mM dithiothreitol and 0.05 mM pyridoxal phosphate.
The cell suspension was frozen-thawed twice in liquid nitrogen. Next 0.1 ml was removed for determination of the DNA content using the modified diphenylamine reaction of Richards (21) . After freeze-thawing, the mixture was spun at 25,000 x g for 15 min at 4' in a Beckman LD3-40 ultracentrifuge. The supernantant and pellet were separated and the pellet resuspended in 0.5-0.1 ml 50 mM Tris buffer, pH 7.5, and 5 mM magnesium. Then 0.05 ml was removed for protein determination by the method of Lowry (14) . All reactions were performed in polypropylene tubes as described by Salomon et al. (24) . Fifty microliters of sample, containing 0.10-0.38 mg protein, were incubated in 1 mM cyclic AMP (Sigma), 0.5 mM ATP (Sigma), 20 mM creatine phosphate (Sigma), 100 pU/ml creatine phosphate kinase (Sigma), 0.1 mM isobutylmethylxanthine (Aldrich), 2.5 x 10"pm of [a-"PIATP SPERMINE AND SPERMIDINE AS ADENYLATE CYCLASE MODULATORS 83 1 (New England Nuclear), and 25 mM Tris buffer, pH 7.5, with 5 mM magnesium. The reaction was incubated at 37O for 10 min and then stopped with 0.10 ml 2% sodium dodecylsulfate, 40 mM ATP. and 1.5 mM cyclic AMP. The resulting mixture was incubated at 70' for 5 min. Before separation of cyclic [32P]~MP, 1.3 x lo4 cpm of cyclic 1 3 H ]~M P was added and the mixture brought to a final volume of 1.05 ml with distilled water.
Separation of cyclic ['"PIAMP was accomplished as described by Salomon et al. (24) Samples were applied to columns (0.7 x 4 cm) of Dowex AG50 W-X4; I ml H20 was eluted twice and discarded. Columns containing 0.6 g Alumina-neutral were prepared by washing with 10 ml 0.1 M imidazole, pH 7.5, and then placed under the Dowex columns. Distilled water (3 ml) was added to the Dowex columns and eluant allowed to flow into the alumina column. The alumina column was placed in a scintillation vial and washed twice with 2.5 ml of 0.1 M imidazole, pH 7. 
DNA measurements on cultures showed a n equivalent increasing DNA content with increased cell numbers. At confluence, there were approximately 3 x lo7 cells/75 cm2 flask. The doubling time of these fibroblasts in our laboratory is approximately 24 hr: the increment in DNA concentration reflects the days postsubculture.
Levels of enzyme activity were dependent on the growth phase of the cells as reflected by DNA concentrations (see Fig. 1 ). Adenylate cyclase activity, NaF-stimulated, increased as the cells approach confluence. The linear regression calculated from basal adenylate cyclase activity as a function of the transition from experimental growth towards confluence may reflect increasing specific activity as the culture approached the stationary phase. The mean adenylate cyclase activity independent of the growth phase of the cultures from control subjects and cystic fibrosis patients showed no differences (Table I ). In the absence of magnesium ions no measurable adenylate cyclase activity was observed.
The addition of spermine to cell membrane preparations inhibited adenylate cyclase activity (Fig. 2) . Fifty percent inhibition of basal enzyme activity occurred at M spermine, and maximal inhibition was approached at lo-' M spermine (Fig. 3) . Spermine inhibited basal adenylate cyclase activity as well as NaF-stimulated enzyme activity. The enzyme inhibition displayed saturation kinetics. N o further significant inhibition of adenylate cyclase activity occurred at spermine concentrations greater than M. IF-] stimulation of adenylate cyclase resulted in a 5-fold increase in activity (Table 2 ). An equivalent inhibition of NaF-stimulated adenylate cyclase was observed with equimolar concentrations of spermine and spermidine (Table 2) . Basal adenylate cyclase activity was inhibited only 15% by spermidine as contrasted to 35% by spermine (Tables 1 and 2 ). Preincubation of membrane preparations also resulted in inhibition of cyclase activity.
Preliminary studies with putrescine, M, indicated inhibition of adenylate cyclase activity, but to a lesser extent than equimolar concentrations of spermine. Arginine and ornithine demonstrated no inhibitory effects at lo-' M. Diaminopropane and agmatine had no effect.
No differences in basal, NaF-stimulated, or spermine inhibition of adenylate cyclase activity were observed between control fibroblasts and cells from patients with cystic fibrosis.
DISCUSSION
Kossorotow et al. (13) and Rosenthal and Buchanan (22) have shown that spermine and spermidine are capable of modulating the activity of membrane-bound (Na'/K')-ATPase and acetyl cholinesterase. Previous experiments in our laboratories (3, 6) offered evidence for a cell surface action of these organic cations; Chun et at. (6) have shown the binding of polyamines to the erythrocyte membrane and demonstrated alterations in the electrokinetic properties of these cells as a consequence of this interaction. These observations and those of other groups (15, 25, 26) WRlGHT ET AL. prompted our examination of the influence of polyamines on 2). Recent work suggests that the NaF-sensitive adenylate cyclase adenylate cyclase.
is minimally dependent upon Ca++ concentration and is different The polyamines spermine and spermidine directly inhibit aden-from the cation-dependent portion (10); spermidine and spermine ylate cyclase activity at physiologic concentrations (Fig. 3 , Table may inhibit both of these activities (Fig. 3, Table 2 ).
NaF-stimulated adenylate cyclase activity increased as cultures became confluent (Fig. 1) . This is compatible with the increased intracellular cyclic AMP levels in W138 cultured cells reported by O'Neill and Hsie (16) . Buehler et al. (4) indicated that ornithine decarboxylase activity was maximal during exponential growth. Data from several sources suggests that endogenous polyamine 50 levels are increased during increased proliferative activity. Raina and Janne (19) reported that the concentration of spermidine is highest in young animals and decreases with aging, whereas spermine changes less, but in a parallel fashion. Additionally, the 
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The suggestions of altered cyclic nucleotides concentrations in blood polyamines in cystic fibrosis (7, 15, 21) made it reasonable to seek a dysfunction in the interaction of these two systems. The data presented indicate normal adenylate cyclase activity which is inhibited by polyamines to the same extent as is the enzyme from control fibroblasts.
CONCLUSION
These studies document changes in cultured fibroblast adenylate cyclase as these cells transit from exponential growth to the stationary phase. In vitro data is presented to show that spermine is an inhibitor of adenylate cyclase. that spermidine is a less efficient inhibitor of this enzyme and that putrescine has a minimal effect. The concentrations of spermine and spermidine which inhibit adenylate cyclase are comparable to those observed in in ~dvo cultured cells. No differences in the adenylate cyclase of normal and cystic fibrosis fibroblasts were noted.
